ABSTRACT A novel 4th-order cross-coupled electrical tunable bandpass filter with constant absolute bandwidth and high frequency selectivity is proposed. The electric coupling coefficients and the magnetic coupling coefficients of the cross-coupled resonators and the external quality factor of the tunable filter are investigated. The design curves of coupling coefficients and external quality factor versus the resonant frequency are synthesized for the cross-coupled tunable filter. Tunable resonator with separate electric dominant and magnetic dominant coupling regions is designed to build the cross-coupled tunable filter topology. Theoretical analysis is derived to estimate the coupling coefficients and the performance of the proposed filter. A prototype is fabricated and measured. The measurement shows that the filter has a -3 dB bandwidth of 117 ± 3 MHz from 0.95 to 1.48 GHz. Two cross-coupled transmission zeros beside the passband are generated, and the frequency selectivity is enhanced. The -30 dB/-3 dB bandwidth shape factor is 1.83∼1.93.
I. INTRODUCTION
Tunable filters are the essential components for multiband/frequency agile radio systems. It has been found that coupling coefficient is one of the most important factors for designing tunable filters with stable frequency response. For constant fractional bandwidth (FBW) or constant ABW tunable filters, the coupling coefficient must be constant or increasing while the central frequency of the tunable filter is decreasing, respectively. A magnetic dominant mixed coupling method is proposed based on quarter wavelength resonator loaded with tunable capacitor at its open termination [1] . The electric coupling is decreasing and the magnetic coupling is increasing when the tunable capacitance is increasing. Since the coupling structure is magnetic dominant, the whole mixed coupling can be pre-designed while the tunable capacitance is increasing. This method has been widely used in constant bandwidth tunable filters design [2] - [7] . Another method is based on electric coupling coefficient control. Constant bandwidth tunable filters based on microstrip LC resonators with electric coupling compensation capacitor network are presented in [8] . In [9] , the electric coupling is controlled by varactor diode directly, since the coupling coefficient is usually small, this method is usually limited to be used for the tunable resonator with large capacitance.
To improve the passband selectivity, cross coupling is usually used to generate TZs in modern microwave BPF design [10] - [13] . Since magnetic coupling and electric coupling are two basic couplings for building cross-coupled filter topologies, magnetic coupling and electric coupling control method is very important for cross-coupled tunable BPF with constant ABW. In [14] , a 4 th -order tunable BPF with cross-coupled stepped-impedance resonator (SIR) is designed, however, the passband and TZs are distorted, and the ABW is not constant due to the uncontrollable coupling coefficients. The coupling method for BPFs was presented by the authors in [15] and [16] . Our paper builds this work by investigating these coupling coefficients and external quality factors in greater detail and presenting the design method of higher order filter. This paper is organized as follows. First, the presented coupling topologies are discussed in Section II. Second, three different coupling modes and the external quality factor of the filter are discussed, and these coupling modes are analyzed numerically in Section III. Third, a method of designed for 4 th -order filter is discussed, and the simulation value of the design is compared with the ideal value, then a 4 th -order cross-coupled tunable BPF with constant ABW is designed, fabricated, and measured in Section VI. Finally, conclusions are given in Section V.
II. SYNTHESIS THEORY
The coupling topology is shown in Fig. 1 . The resonators are represented by the number 1 to 4. The source or load is represented by S or L, and electric or magnetic coupling is represented by E or M, respectively. In the filter, the resonators (1, 2, 3, and 4) and the coupling paths (S-1-2-3-4-L and S-1-4-L) are cross coupled to create a pair of TZs [17] .
Cross-coupled filter's non-unitary coupling matrix [k] should satisfy (1) ∼ (4) [18] :
In our design, the quadruplet filter is realized to have one pair of TZs at the normalized resonant frequency ±2.18 for high selectivity and maximum in-band return loss of the filter is 20dB. By using the synthesis technique [18] , the modified Chebyshev-type parameters g 1 = 0.951, g 2 = 1.361, J 1 = −0.133, J 2 = 1.028 can be got. When the resonant frequency and ABW are settled to 1.2 GHz and 110MHz, then FBW 3dB = 9.2%. The non-unitary coupling matrix [k] and non-unitary Q e are obtained by (1) ∼ (4). Then, when the resonant frequency changes between 0.9GHz∼1.5GHz, the coupling coefficient k 14 , k 12 , k 23 and Q e curves can be obtained as shown in Fig. 2 . Q e = 10.4.
The S 11 and S 21 can also be obtained from (7) (8) as [18] :
Where
The diagonal matrix [R] = diag{1,0,0,1}, the diagonal matrix [U] = diag{1,1, 1,1}, f 0 is the resonant frequency of the filter. Using (5) ∼ (13), the ideal |S 21 | and |S 11 | curves under different resonant frequency are shown in Fig. 3 .
III. COUPLING STRUCTURE DESIGN
From section II, in order to get a constant ABW filter, when resonator frequency decrease, the strength of coupling coefficients needs to be increased and external coupling factor needs to be decreased. At the same time, (1) ∼ (4) need to be satisfied.
A. THE RESONATOR STRUCTURE DESIGN
The tunable resonator is shown in Fig. 4 , which has been used to build only magnetic coupling in our previous work [15] . In this work, this resonator is used to build constant bandwidth cross-coupling tunable topology with both magnetic and electric coupling path. The uncoupled input admittance of the resonator can be written as: At the resonance condition Im[Yin] = 0, therefore:
Where, ω 0 is the resonant angular frequency. The capacitor C L can be used to tune the resonant frequency.
As can be seen from (15), the capacitive C L value on the microstrip is determined by the electric length ϕ 1 and ϕ 2 , and the resonant frequency is proportional to C L . Therefore, the maximum value or minimum value of the capacitance C L corresponds to the minimum resonant frequency f L or maximum resonant frequency f H , respectively. The resonant frequency tuning range can be determined by the (16) [16] .
Commercial simulation software, i.e., Advance Design System (ADS) can be used to calculate the Y (1or2) and ϕ (1or2) in the above equations. In Fig. 4 ,
Here, the maximum frequency tuning range can be got when L = 2.9 mm, as shown in Fig. 5 . Fig. 6 shows the normalized voltage and current distribution at the resonant frequency. Magnetic fields are stronger in the short-end and electric fields are stronger in the openend [4] . It shows that the open-end microstrip lines in Fig. 6(a) are electric dominated coupled, and the short-end microstrip lines in Fig. 6(b) are magnetic dominated coupled. Additionally, when the tunable capacitor is increasing (with the electric length from L + L 1 to L + L 2 ), the coupling coefficient becomes lower as the resonant frequency increases. Thus, by choosing a proper coupling region, this resonator can meet the electric and magnetic coupling requirement of the crosscoupled tunable BPF with constant bandwidth.
According to the above analysis, in order to form the crosscoupling mode and obtain two TZs, the resonator shown in Fig.4 is used to form the coupling structure shown in Fig.7 . In order to design a 4 th -order tunable BPF with crosscoupling as shown in Fig. 7 , it is necessary to control the magnetic/electric coupling coefficients between the resonators. Three types of coupling structures are employed in this paper. Generally, the coupling coefficient k, can be calculated as [19] :
Where Yin 11 and Yin 12 are the admittance of the coupled resonators, and b is the slope parameter. Fig. 8 shows the first type coupling schematic with electricdominant coupling for building cross coupling path. Since it is an asymmetric structure, the coupling lines are modeled as the 4-port network, and the 4-port terminals are marked on the coupled lines in Fig. 8 . Therefore, the 
B. TYPE1: ELECTRIC-DOMINANT COUPLING
Where 4-port Y -matrix of the coupled lines are shown as:
, and S = 0.3mm). The calculation shows that,
× ω 0 , ϕ 3e = 1.02026 × 10 −10 × ω 0 , and ϕ 3o = 9.46581 × 10 −11 × ω 0 . Using (17) ∼ (25), coupling coefficient k 12 with the resonant frequency curve can be obtained numerically, as shown in Fig. 9 . It shows that, with the increasing of L, the slope of the electric-dominant coupling coefficient is decreased. Fig. 10 shows the second type coupling schematic with electric-dominant coupling. The input admittances Yin 11 and Yin 12 can be written as:
C. TYPE2: ELECTRIC-DOMINANT COUPLING
The Y re , Y ro , A 1e , A 0e , A 1o , A 0o can be written as:
The simulation shows that,
.6mm and S = 1.3mm.). 
6mm, and S = 1.1mm).
ϕ 3e = 7.12480 × 10 −11 × ω 0 , and ϕ 3o = 6.73971 × 10 −11 × ω 0 . The coupling coefficient k 14 can be calculated numerically by using (17) ∼ (18) and (26) ∼ (30), as shown in Fig. 11 . It shows that strength of the electric-dominant coupling is increased as the resonant frequency is decreased, and the slope of the electric coupling coefficient k 14 can be adjusted by changing L. Fig. 12 shows the resonator coupling structure with magnetic dominant coupling. The admittance Yin 11 and Yin 12 can also be got from (26) and (27). 
D. TYPE 3: MAGNETIC-DOMINANT COUPLING
6mm, and S = 1.1mm). 
By using the ADS, the simulation shows that
× ω 0 × L ( W = 0.5mm). Therefore, the coupling coefficient k 23 can be got numerically by using (17)∼(18), (26)∼(27) and (31)∼(35). Fig. 13 and Fig. 14 shows that the strength of the magneticdominant coupling is increased as the resonant frequency is decreased, and the slope of the coupling coefficient k 23 can be adjusted by changing L and W . At the same time, in order to meet the requirement of the ideal k 23 more closely, interdigital structure [20] , [21] is used in the coupling structure. 
FIGURE 17. The simulated quality factor
Based on the above analysis, it shows that, the strength of magnetic-dominant coupling coefficient k 23 , electricdominant coupling coefficient k 14 and k 12 increase as the resonant frequency decrease, at the same time, when f 0 = 0.9 GHz, its value is not changed with the change of the L. Using this feature, the slope of the coupling coefficients can be adjusted by changing the geometrical parameters. Therefore, these coupling structures can be used to build the crosscoupled tunable BPF topology with constant bandwidth.
E. EXTERNAL COUPLING STRUCTURE DESIGN
The external quality Q e of the feed in coupling network should be increasing with the increasing of the resonant frequency for achieving constant ABW. Fig. 15 shows the feed in coupling network used in this paper. This kind of the feed in coupling combines both electric and magnetic coupling, the slope of Q e can be adjusted conveniently. By using simulation results, Q e can be got as [18] :
Where τ S11 is the simulated group delay, f 0 is the resonant frequency of the passband. Fig. 16 shows the simulated quality factor Q e versus f 0 under different L. With the increase of L, the slope of Q e is reduced. Fig. 17 shows the quality factor Q e versus f 0 under different feed in capacitor Cm.
IV. 4 th -ORDER TUNABLE BPF
The ideal value responses based on the above theory are calculated when the capacitor C L = 6 pF, and the curve is shown as the dashed line in Fig. 18 . The filter with optimized geometry parameters shown in Fig. 21 is simulated by SONNET on 0.8mm F4B-2 substrate with a relative dielectric constant of 2.65 and a loss tangent of 0.001, and it is shown as solid line in Fig. 18 .
Previous parts have the design method of the coupling coefficient k and Q, then using this method to match the ideal value and the simulation value including the k and Q parameters. Through adjusting and optimizing, the ideal value and EM simulated results of k value and Q value are shown in Fig. 19 and Fig. 20 . The simulation value and the ideal value of the k 12 , k 23 , k 14 , and Q e are all in good agreement. Fig. 21 shows the layout of the 4th-order filter with cross coupling, and the resonators can be tuned by the capacitor C L . Only two resonators on the top are coupled with magnetic dominant coupling. The inter-digital structure [20] , [21] and SIR [14] structure is used in the optimization of the filter's coupling structure, so that the curves of the coupling coefficient and the external quality factor coincide with the ideal curves. The fabricated filter is shown in Fig. 22 . The core area is 70mm × 73mm. The S-parameters are measured by Agilent E5071C vector network analyzer. Fig. 23(a) shows the measured S-parameters, which agree well with the simulation. Fig. 23(b) shows that the resonant frequency of the passband can be continuously tuned from 0.95 GHz to 1.48 GHz, and two TZs are generated beside the passband, leading to a sharp selectivity. The −3 dB ABW is in the range of 117±3MHz, and the −30 dB bandwidth to −3 dB shape factor coefficient is 1.83 -1.93. The insertion loss of the passband is 3.5 dB ∼ 4.4 dB, and the return loss is better than 10 dB over the entire tuning range. The input third-order intercept point (IIP3) is measured by Rohde & Schwarz FS300 spectrum analyzer and Agilent E4433B ESG-D series digital RF signal generator with 1-MHz frequency spacing. The measured IIP3 varies from 25.2 dBm to 34.9 dBm, as shown in Fig. 24 .
The comparison with related work is summarized in Table 1 . The resonant frequency tuning range. Bandwidth variation and rectangle coefficient in this work is better than previous works.
V. CONCLUSION
The electric dominant coupling structure and magnetic dominant coupling structure are proposed, and a 4 th -order crosscoupled tunable BPF with constant ABW has been designed. The measured results show that the −3dB ABW varies from 114 MHz to 120 MHz while the resonant frequency of the passband varying from 0.95GHz to 1.48GHz. Two TZs are generated to improve frequency selectivity performance, and the −30dB/−3dB bandwidth shape factor is 1.83∼1.93. The stopband characteristics of the fabricated filter are more than −30 dB up to 2 GHz over the entire tuning range of the passband.
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